Hydrogen adatoms induced magnetic moment on graphene has been observed in atomic scale in a recent experiment [González-Herrero et al., Science 352, 437 (2016)]. Here, we demonstrate that all the experimental phenomena can be simply and well described by an equivalent Anderson impurity model, where the electronic correlations on both carbon and hydrogen atoms are represented by an effective on-site Coulomb interaction on hydrogen adatom UH . This simple equivalent model works so well is because that the main effect of Coulomb interaction on both carbon and hydrogen atoms is just to split the impurity resonance states with different spin. This effective Anderson impurity model can also well reproduce all the behaviours of hydrogen dimer on graphene observed in experiment. We thus argue that it should be a general model to describe the hydrogen adatoms on graphene with various adsorption configurations, especially for their magnetic properties.
The adatom induced local magnetic moment in graphene is a very important topic, which has been intensively studied in last decade . It is of special importance for the application of graphene in spintronics [24] [25] [26] . A typical example is the hydrogen adatom on graphene [1] [2] [3] [4] [5] [6] [7] [8] [9] . It is predicted by the first principles calculations that a hydrogen atom favors the top site of graphene, and can generate a local magnetic moment around the adsorption site [1, 4] . More excitingly, in a recent experiment, a single hydrogen adatom induced magnetic moment has been observed by scanning tunneling microscopy (STM) [6] .
In the experiment of Ref. 6 , the most important experimental observation is a hydrogen adatom induced spinsplit resonance state on graphene. Around the hydrogen adatom, the STM measurements find two narrow resonance peaks near the Fermi level, which are separated in energy by a splitting about 20 meV. The first principle calculations show that the two resonance peaks are spin polarized and correspond to a spin-split resonance state, which gives rise to a local magnetic moment on graphene. One unique characteristic of this spin-split resonance state is that it only locates on the graphene sublattice which is not directly coupled to the hydrogen atom. Commonly, it is believed that a hydrogen adatom is equivalent to a carbon vacancy, which will induce a resonance state on graphene. And, due to the Coulomb interaction on carbon atoms (U C ), this resonance state becomes spin-splitting and thus induces a local magnetic moment on graphene [1, 12] .
So far, to theoretically describe such hydrogen adatom induced magnetism on graphene, it needs to consider the Coulomb interaction on carbon atoms. It makes the calculations rather complicated. The two possible ways are the DFT simulation and the Hubbard model. The two methods can only give some numerical simulations. We actually still do not have a simple model which can give some analytical understanding about the hydrogen adatom induced magnetism.
In this work, we propose a simple equivalent Anderson impurity model to describe the hydrogen adatom induced magnetism on graphene. All the experimental phenomena in Ref. 6 can be simply and well described by this effective model, where the influence of the Coulomb interaction on both carbon and hydrogen atoms are attributed to a single parameter U H , i.e. the effective (or equivalent) Coulomb interaction on the hydrogen adatom. This effective model works so well is because the fact that the main role of the Coulomb interaction on graphene (U C ) here is just to break the spin degeneracy of the impurity resonance state. Note that, U H is able to break the spin degeneracy of the resonance state on graphene as well. Thus, equivalently, we can use an effective U H to phenomenologically mimic the electronic correlations on both carbon and hydrogen atoms. The advantage of this effective model is its simplicity, with which the computation complexity has been greatly simplified and we can even get some analytical understanding about the induced magnetism on graphene. We also calculate the magnetic properties of hydrogen dimer on graphene with this effective model. The results coincide well with the experimental observations. Thus, we argue that this effective Anderson impurity model offers a simple way to understand the behaviors of the hydrogen adatoms on graphene with various adsorption configurations, especially for their magnetic properties.
We first show that an Anderson impurity can give rise to a spin-spilt resonance state on graphene. Here, the hydrogen adatom is described as an impurity. The total Hamiltonian is
Hamiltonian of graphene
where a kσ (b k ) is the annihilation operator of the graphene electrons on A (B) sublattice. k and σ are the moment and spin index, respectively. t is the nearest neighbor hopping. φ(k) = j e ik·δj , where δ j is the nearest neighbour vectors. The adatom is described as an Anderson impurity,
Here, ǫ 0 is the energy level of the impurity state, d † σ is the corresponding creation operator of the impurity electron with spin σ, and U H is the on-site Coulomb interaction. We assume that the adatom is on top of one carbon atom in sublattice A, which is just the case of hydrogen adatom. The hopping term is
where N is the number of lattice sites in one sublattice. The on-site Coulomb interaction is treated with mean field approximation
We define ǫ σ = ǫ 0 + U H nσ . And n σ = d † σ d σ is the occupation of the impurity state with spin σ, which can be solved self-consistently
Here, ρ Hσ (ω) = − 1 π ImG dd,σ (ω) is the LDOS of the adatom. G dd,σ (ω) is the retarded Green's function of the adatom
where
, which describes the i-th carbon atom. For example, g 00 (ω) is for the host carbon atom which is coupled to the hydrogen adatom, and actually g ii (ω) = g 00 (ω) for pristine graphene. To calculate the retarded Green's function of the graphene, the Dyson equation is
where T 00,σ (ω) = V 2 ω−ǫσ−V 2 g00(ω)+i0 + is an element of tmatrix. So, the LDOS of the i-th site of graphene is Note that, once n σ is got by solving Eq. (5), ǫ σ is known and then we can directly calculate the LDOS of carbon atom in graphene with Eqs. (7) and (8) [See in Fig. 1(a) ].
The magnetic phase diagram of the adatom on graphene has been intensively studied [13, [27] [28] [29] [30] . With proper parameters, the adatom will become magnetic with n ↑ = n ↓ . In this case, due to U H , we get two spin split impurity levels on hydrogen adatom, where one is below and the other is above the Fermi level [See in Fig. 1(b) ]. Numerically, the positions of the two impurity levels are determined by setting the denominator in Eq. (6) equal to zero
while V 2 Im[g 00 (ω)] gives the width of the impurity levels. The graphical solutions of Eq. (9) for each spin are shown in Figs. 1(c) and 1(d), and LDOS of hydrogen atom ρ Hσ (ω) is plotted in Fig. 1(b) . The two spin split impurity peaks are shown clearly. Now, we discuss the resonance states on graphene. Once the adatom becomes magnetic, the adatom is equivalent to a spin-dependent potential V 2 /(ǫ−ǫ σ ) applied on the host carbon atom. So, the induced resonance states with the up spin and down spin are no longer degenerate. Numerically, the resonance states correspond to the poles of the t-matrix given in Eq. (7), the positions of which are thus also determined by Eq. (9) . It means that the energy positions of resonance states on graphene are the same as that of the impurity levels on hydrogen adatom. Note that, to guarantee the adatom to be magnetic, we always have one impurity level (e.g. spin down) above and the other (e.g. spin up) below E F . Correspondingly, as shown in Fig. 1(e) , the resonance state with spin up is always below, and the one with spin down is always above E F . Therefore, we see that an Anderson impurity will intrinsically induce a spin polarized resonance state on graphene, which is the result of U H . The unpaired electron in the spin-split resonance state gives rise to a local magnetic moment.
It should be noted that the two spin polarized resonance peaks (and the impurity levels) are asymmetric. For the impurity levels, it is obvious because that their peak broadening V 2 Im[g 00 (ω)] are different due to the energy difference [See Fig. 1(d) ]. As shown in Figs. 1(b) and 1(e), our calculations show that the impurity peak above E F is lower than the one below E F . The two resonance peaks have similar behaviour. The next nearest neighbor hopping in graphene t ′ may further enhance the asymmetric of the two resonance peaks, because that t ′ will break the particle-hole symmetry of graphene, i.e., Im[g 00 (ω)] becomes asymmetry now.
In reality, U H and U C always coexist. We can turn on U H and U C in sequence to understand the influence of U C . Considering U H first, the adatom is an Anderson impurity, which will be magnetic or nonmagnetic depending on the the interplay of U H , V , ǫ 0 and doping [27] . Then, we turn on U C . Intuitively, the only effect of U c we can expect is to further enhance the spin splitting of the resonance state on graphene, or induce the spin splitting if U H is not large enough to break the spin degeneracy of the impurity level. Correspondingly, the impurity levels of the hydrogen adatom should be modified by U C as well. Note that U C can not significantly change the magnitude of the induced magnetic moment. It is because that, no matter what value U C is, we always and only have a spin polarized resonance state below E F . Based on the above discussions, it is not difficult to expect that we can approximately use a renormalized U H to represent the electronic correlation on both hydrogen and carbon atoms. Here, U H should be renormalized in order to account for the enhanced spin splitting of the resonance states due to U C , while ǫ 0 is modefied by U C as well. It means that, in fact, we can use an effective Anderson impurity model to describe the hydrogen adatom induced spin-split resonance states on graphene, which is central result of our work. In the following, we first get the values of effective U H and ǫ 0 by fitting the experiment, and then we will show that all the experimental observations in Ref. [6] can be well described by this effective model. In experiment, the STM measurement indicates that the energy separation of the two impurity levels ∆ [See in Fig. 1(b) ] is about 20 meV [6] . In the Anderson impurity model, there are three key parameters: the energy of the impurity level ǫ 0 , the hybridization between the impurity and the carbon atom V and the on-site Coulomb interaction of the adatom U H . Compared with the DFT calculations, it is generally accepted that V is about 5.8 eV. In this effective model, ǫ 0 is not its bare value, but an effective parameter to include the influence of U C and other realistic details, e.g. the lattice distortion around the adatom. U H is also an effective parameter to be determined. In Fig. 1(f) , we plot ∆ as a function of ǫ 0 and U H . Considering the experimental result ∆ ≈ 20 meV, we get the effective parameters: ǫ 0 ≈ −1.18 eV, U H ≈ 2.4 eV. The choice of the value of effective parameters is not unique, but in a small parameter region as shown in Fig. 1(f) . The two effective parameters above can give a rather good description about the hydrogen adatoms on graphene.
This effective model can well interpret the doping effect on the local magnetic moment. With a large enough charge (hole) doping, the adatom can be changed from the magnetic phase into nonmagnetic phase, which causes the splitting of the hydrogen energy levels (and that of the resonance states) to vanish [See in Figs. 1(g) and 1(h) ]. This effective model can well describe the spin spilt resonance states and the local magnetic moment induced by the hydrogen adatom. As shown in Fig. 1(a) , when a hydrogen atom is adsorbed, the LDOS of graphene exhibits a 3-fold symmetry with three "arms" at 120 • each (see the three black solid lines). To compare with the experiment, we plot the LDOS of carbon atoms along one of the arms [See Fig. 2(a) ] in Figs. 2(b) and 2(c). Here, the hydrogen adatom is on A sublattice. We see that the LDOS at all the carbon atoms on A sublattice is nearly zero (dashed lines), while obvious LDOS peaks corresponding to the two resonance states (solid lines) have been observed on all the carbon sites of the B sublattice. The sublattice asymmetry in the spatial distribution is a common feature for such kind of resonance state induced by local perturbation on one carbon atom [31] . As indicated in Fig. 1(e) , the resonance peaks on carbon atoms are spin dependent, which means that there is a spatial distribution of local magnetic moment on B sublattice and nearly zero local magnetic moment on sublattice A. We plot the corresponding local magnetic moment on carbon atoms in Figs. 2(d) and 2(e). With the effective parameters we choose, the calculated local magnetic moments on carbon atoms [see Fig. 2(d) ] are close to the DFT results [6] . Interestingly, this simple effective model suggests that the local magnetic moment around the hydrogen adatom [see Ref. 6 and Fig. 2(d) ] can be viewed as a special spin-dependent Friedel oscillation at half filling with a r −3 decay. The detailed analytical proof will be given elsewhere [32] .
This effective model can well interpret the magnetic property of hydrogen dimer. We view the hydrogen dimer as two Anderson impurities on graphene, and use the same effective parameters. Here, the configurations of AA and AB dimers are the same as that in the experiment, as illustrated in Figs. 3(a) and 3(b) . By the self-consistent mean field method, we can determine that whether the two adatoms are magnetic or not. The results are plotted in Fig. 3 . For a AA dimer, we calculate the LDOS at the hydrogen atom [See in Fig. 3(c) ]. For the up spin, there is a resonance peak with fine structure (an additional tiny peak appears on the shoulder of the resonance peak) below E F , while a similar resonance peak with down spin is found above the E F . Thus, our model predicts that the hydrogen AA dimer is magnetic, and the calculated energy splitting is about 50 meV. The LDOS of AB dimer is given in Fig. 3(d) . The hydrogen adatoms are now in nonmagnetic phase, and there is no resonance peaks near the Fermi level. The LDOS pattern of the AA and AB dimer are shown in Figs. 3(e) and 3(f), respectively. These results coincide well with the experimental observation as well as DFT simulations [2, 6] .
In short, we point out that the recent experiment about the hydrogen adatoms on graphene can be well described by an effective Anderson impurity model. It can also give an good description about the hydrogen dimmer. We thus argue that it is a general theoretical model to understand the behaviors of hydrogen adatoms on graphene with various adsorption configurations. The hydrogen adatoms on graphene may be an ideal platform to study the Anderson impurities in atomic scale. This work is funded by the National Key Research and Development Program of China (Grants No. 2017YFA0403501 and No. 2016YFA0401003), and National Natural Science Foundation of China (Grants No. 11534001, 11874160, 11274129).
